Introduction
Iron (Fe) is an essential element for life on earth and is required by both plants and animals for a range of essential enzymatic and metabolic reactions. In plants, Fe is required for basic redox reactions in photosynthesis and respiration, and for many key enzymatic reactions involved in important biological processes such as DNA replication, lipid metabolism, and nitrogen fixation. 1 According to the World Health Organization, 30% of the world's population is affected by Fe deficiency.
To better understand the mechanisms that regulate Fe transport and homeostasis in plants, omics-based approaches have been used in tomato and Arabidopsis to gain a comprehensive understanding of growth defects caused by Fe deficiency and homeostasis. 2, 3 However, many molecular components in the Fe transport and homeostatic regulatory network need to be identified to bridge gaps in our understanding of the complete mechanism, especially in the dicot model plant Arabidopsis. Quantitative proteomics may provide one approach to identify the protein components of the regulatory network. In the past decade, the isobaric tags for relative and absolute quantification (iTRAQ) labeling method has been adapted to plant proteomics as a relative quantification technique; however, the number of identified proteins remains small.
To identify and quantify a greater number of proteins, Chenau et al. (2008) established a method that coupled iTRAQ with OFFGEL electrophoresis (iTRAQ-OFFGEL). 4 The iTRAQ-OFFGEL approach is important for quantitative proteomics studies because greater amounts of sample can be loaded and separated allowing subsequent analytical steps to be optimized. In the plant proteomics field, the iTRAQ-OFFGEL method has been used to examine shifts in pI due to iTRAQ labeling; however, physiological parameters were not considered in that study. 5 In this study, we used the iTRAQ-OFFGEL method to analyze microsomal fractions isolated from shoots of wildtype Arabidopsis (Col-0) under conditions of Fe deficiency and excess zinc (Zn) and the irt1-1 mutant, which lacks a functional IRT1 Fe transporter, and showed that this method is an effective approach for understanding plant physiological phenomena. We identified 1139 proteins using the iTRAQ-OFFGEL method compared to only 233 proteins using the conventional iTRAQ-CEX method, which couples the iTRAQ method with peptide fractionation on a cationic exchange column. Moreover, the iTRAQ-OFFGEL method enabled the efficient identification of a large number of membrane proteins, including lowabundance proteins. We focused on the highly upregulated and downregulated microsomal proteins in Arabidopsis shoots Iron (Fe) is required by plants for basic redox reactions in photosynthesis and respiration, and for many other key enzymatic reactions in biological processes. Fe homeostatic mechanisms have evolved in plants to enable the uptake and sequestration of Fe in cells. To elucidate the network of proteins that regulate Fe homeostasis and transport, we optimized the iTraQ-OFFGeL method to identify and quantify the number of proteins that respond to Fe deficiency in the model plant Arabidopsis. In this study, Fe deficiency was created using Fe-deficient growth conditions, excess zinc (Zn), and use of the irt1-1 mutant in which the IrT1 Fe transporter is disrupted. Using the iTraQ-OFFGeL approach, we identified 1139 proteins, including novel Fe deficiency-responsive proteins, in microsomal fractions isolated from 3 different types of Fedeficient shoots compared with just 233 proteins identified using conventional iTraQ-ceX. Further analysis showed that greater numbers of low-abundance proteins could be identified using the iTraQ-OFFGeL method and that proteins could be identified from numerous cellular compartments. The improved iTraQ-OFFGeL method used in this study provided an efficient means for identifying greater numbers of proteins from microsomal fractions of Arabidopsis shoots. The proteome identified in this study provides new insight into the regulatory cross talk between Fe-deficient and excess Zn conditions. that were identified by iTRAQ-OFFGEL to provide insight into regulatory cross talk between the conditions of Fe deficiency and excess Zn.
Results

iTRAQ-CEX analysis of Fe deficiency-responsive proteins
An analysis using iTRAQ-CEX was recently performed on microsomal fractions isolated from Arabidopsis roots to better understand the molecular and physiological effects of excess Zn on plant cells. 6 The abundance of IRT1 and FRO2, which play pivotal roles in Fe uptake, increased in response to Fe deficiency caused by excess Zn in roots. However, the nature of regulatory cross talk between Fe and Zn remains clear. In this study, an iTRAQ-CEX analysis was performed using microsomal fractions from shoots of Arabidopsis Col-0 grown on normal MGRL medium (Normal), medium without Fe (0-Fe), and medium containing 300 µM ZnSO 4 (300-Zn) and from shoots of the irt1-1 mutant grown on Normal medium to identify changes in protein expression due to Fe deficiency. To ensure that the Fe content in each type of Fe-deficient sample (0-Fe, 300-Zn, and irt1-1) was less than in Col-0 grown on Normal medium, the concentrations of 11 elements in Arabidopsis shoots were examined by inductive coupled plasma mass spectroscopy (ICP-MS) ( Table S1 ). The Fe content was lower in all 3 types of Fe-deficient shoots than in shoots from Col-0 grown on Normal medium (Fig. 1A) . The experimental scheme followed in this study is depicted in Figure 2 . A total of 233 proteins were identified and quantified with a false discovery rate (FDR) of less than 1% in 3 biological replicates (Table S2) . Among the identified proteins, reproducible increases in protein amounts of more than 2.0-fold were observed for only 3 proteins in the 0-Fe samples and proteins in the 300-Zn samples, while no increases in protein amounts greater than 2.0-fold were observed for the irt1-1 mutant ( Table 1) . Only 16 proteins decreased in amount to less than 0.50-fold in the 0-Fe samples; no proteins from the 300-Zn or irt1-1 mutant samples decreased in amount to less than 0.50-fold ( Table 1) . The identification of small numbers of highly responsive proteins indicates a need to adopt alternate methodologies to better understand the mechanisms of Fe homeostasis in plant cells.
Efficiency of iTRAQ-OFFGEL analysis over iTRAQ-CEX
The compatibility of OFFGEL fractionation with iTRAQ labeling was reported previously. 4, 7 The iTRAQ-OFFGEL method has been adopted in several studies, mostly in animal systems. [8] [9] [10] [11] In this study, a large number of proteins were identified from Arabidopsis microsomal fractions using the iTRAQ-OFFGEL method (Fig. 2) . A total of 1139 proteins were identified and quantified in 3 biological replicates with an FDR of less than 1% ( Table S3 ). The number of proteins identified using iTRAQ-OFFGEL was 4.9-fold greater than with iTRAQ-CEX, indicating a higher recovery rate of fractionated peptides.
Based on GO annotations, the proteins identified using the iTRAQ-OFFGEL method corresponded to a larger number of cellular compartments than the proteins identified using the iTRAQ-CEX method (Tables S4 and  S5) . Additionally, higher proportions of proteins belonging to "membrane and membrane bound proteins" were identified by iTRAQ-OFFGEL than by iTRAQ-CEX (Tables S4  and S5 ). Moreover, 245 proteins identified by iTRAQ-OFFGEL were predicted to have 2 or more transmembrane (TM) regions compared to only 31 proteins identified by iTRAQ-CEX based on an analysis using TMHMM Server v. 2.0 software (Fig. 3 , http://www.cbs.dtu. dk/services/TMHMM/). The fractionation of iTRAQ-labeled peptides was an effective method for increasing the numbers of detectable peptides, including low-abundance peptide. Peptides derived from low-abundance proteins are often not detected by MS due to ionization suppression.
Cross talk between Fe deficiency and excess Zn conditions
From the iTRAQ-OFFGEL analysis, growth on 0-Fe and 300-Zn caused 66 and 31 Figure 2 . experimental scheme used in this study. Microsomal fractions were extracted from 10-day-old shoots of col-0 plants grown on Normal, 0-Fe, and 300-Zn media and irt1-1 mutants grown on Normal medium and used for iTraQ-ceX and iTraQ-OFFGeL analyses. The major steps involved in the iTraQ-ceX and iTraQOFFGeL analyses are presented. proteins, respectively, to be upregulated more than 2.0-fold (Tables  1 and 2) . All of the 31 proteins that were upregulated in response to excess Zn were also upregulated more than 2.0-fold by growth on 0-Fe. In contrast, 64 and 13 proteins were downregulated to less than 0.5-fold by growth on 0-Fe and 300-Zn, respectively. Seven of these downregulated proteins were in common between growth on 0-Fe and 300-Zn (Tables 1 and 3) . The functions of most of the downregulated proteins were related to photosynthesis as evidenced by the visual effects of Fe deficiency and excess Zn on physiological parameters such as the development of chlorosis. The common regulation of most of the proteins in response to Fe deficiency and excess Zn indicates regulatory cross talk activity between the 2 conditions.
Regulation of protein expression in the irt1-1 mutant Of the 7 proteins identified by the iTRAQ-OFFGEL method that were induced more than 2.0-fold in the irt1-1 mutant, 6 proteins were also expressed more than 2.0-fold in Col-0 plants grown on 0-Fe medium (Table S3) . However, no proteins in the irt1-1 mutant were reduced in amount to less than 0.5-fold. The number of highly responsive proteins was less in the irt1-1 mutant than in Col-0 grown on 0-Fe or 300-Zn media or in Col-0 grown on Normal medium (Table 1) . Moreover, photosystem I was affected less in the irt1-1 mutant than in Col-0 grown on 0-Fe medium ( Table 3) . These results indicate a broad effect of mineral stress on protein expression levels rather than a limited effect caused by the disruption of just one Fe transporter.
Discussion
Overview of proteins upregulated more than 2.0-fold in all 3 Fe-deficient conditions Two transporter proteins were identified among the proteins that were upregulated by more than 2.0-fold in all 3 Fe-deficient conditions; that is, growth on 0-Fe and 300-Zn media and in the irt1-1 mutant. Oligopeptide transporter (OPT3, AT4G16370) was upregulated by 5.574-, 6.045-, and 3.341-fold by growth on 0-Fe medium and 300-Zn medium and in the irt1-1 mutant, respectively ( Table 2) . OPT3 is involved in the transport of small peptides that may have roles in nutrition. 12, 13 OPT3 plays a critical role in the maintenance of whole-plant Fe homeostasis and Fe nutrition in developing seeds, and it plays an important role in shootto-root signaling for the regulation of Fe deficiency responses in roots.
14 Stacey et al. (2006) showed that OPT3 expression was enhanced by Fe limitation. 15 The high level of OPT3 expression under Fe-deficient conditions shown in this study provides further support for the role of this protein in defense against Fe deficiency stress. The expression of another important transporter protein, natural resistance-associated macrophage protein 4 (NRAMP4, AT5G67330), was increased by 3.053-, 3.395-, and 2.203-fold by growth on 0-Fe medium and 300-Zn medium and in the irt1-1 mutant, respectively ( Table 2) . NRAMP4 is also upregulated under Fe-deficient conditions in both shoots and roots. 16 OPT3 and NRAMP4 may serve as backup systems for Fe homeostasis because they were also upregulated in the irt1-1 mutant on Normal medium. P-loop containing nucleoside triphosphate hydrolases superfamily protein (AT2G18193) showed the strongest upregulation, with increases of 14.417-, 20.651-, and 2.792-fold in response to growth on 0-Fe medium and 300-Zn medium and in the irt1-1 mutant, respectively ( Table 2) . The superfamily, which includes AT2G18193, includes 4 of the 6 primary classes of enzymes as defined by their Enzyme Commission number. Among them, the S1 family functions in signal transduction, the S2 family consists of DNA-binding proteins or transporter proteins, and the S3 family includes transferases, ATP-dependent kinases, and sulfotransferase. 17 Fe deficiency may trigger a signal transduction pathway that upregulates the expression of transporters and other transferases to increase the efficiency of Fe transport. Moreover, this may help in the stabilization of DNA molecules.
Peroxidase superfamily protein (AT4G21960) expression was increased by 2.899-, 2.534-, and 3.693-fold in response to growth on 0-Fe medium and 300-Zn medium and in the irt1-1 mutant, respectively ( Table 2 ). In addition to the known defense-related induction pathway, peroxidase superfamily genes are induced via other signal transduction pathways. 18 Fe deficiency is also known to affect different peroxidase isoenzymes to varying degrees. For example, Fe induces the generation of H 2 O 2 leading to oxidative stress in sunflower. 19 Thus, Fe deficiency, as well as excess Zn, may play a role in inducing a signaling pathway that directs defense against Fe deficiency stress.
Cross talk between Fe-deficient and excess Zn conditions
We also showed that the expression of some of the identified proteins was higher with growth on 0-Fe and 300-Zn media, but was not induced to the same level as in the irt1-1 mutant. Major facilitator superfamily protein (AT5G26340) was highly upregulated in response to growth on 0-Fe and 300-Zn media. ZINC-INDUCED FACILITATOR1 (ZIF1), which encodes a member of the major facilitator superfamily of membrane proteins, is involved in a novel mechanism of Zn sequestration possibly by the transport of a Zn ligand or Zn ligand complex into vacuoles. 20 The Zn content in shoots grown under Fe-deficient or excess Zn conditions increased to a level greater than in Col-0 shoots grown on Normal medium (Fig. 1B) . The stronger expression of AT5G26340 under Fe-deficient and excess Zn conditions suggests a role in the sequestration of Zn into vacuoles. Multidrug resistance-associated protein 3 (MRP3, AT3G13080), a transporter protein, was highly upregulated by 4.305 -and 7.100-fold by growth on 0-Fe and 300-Zn media, respectively. Cadmium, nickel, arsenic, cobalt, and lead exposure induced MRP3 expression in Arabidopsis roots and shoots. Previously, a slight difference in MRP3 expression was observed in response to treatment with higher levels of Zn and Fe. 21 MRP3 is also thought to have separate binding sites for different substrates. 22 ,23 Therefore, MRP3 might be able to transport both metal conjugates and non-metal-containing toxic compounds. The increased expression of MRP3 observed in this study suggests a role in assisting the transport of Fe under Fe-deficient conditions. However, further evidence is needed to confirm the mechanism underlying increased MRP3 expression under Fe-deficient conditions. Syntaxin of plants 122 (SYP122, AT3G52400) was also highly expressed under both 0-Fe and 300-Zn growth conditions. SYP122 was upregulated 7.158 -and 2.843-fold by growth on 0-Fe and 300-Zn media, respectively. SYP121 (AT3G11820), which has functional redundancy with SYP122, showed 2.315 -and 1.607-fold increases in expression with growth on 0-Fe and 300-Zn media, respectively. SYP122 and SYP121 are key element of the soluble N-ethylmaleimide-sensitive factor protein attachment protein receptor (SNARE) complex on target membranes and can bind the SNARE complex to a vesicle to establish docking. SYP121 is involved in localization of the K + channel KAT1 and aquaporin PIP2;5 transporter to the plasma membrane. 24, 25 Therefore, SYP122 might be involved in the localization of Fe transporters to the plasma membrane, although SYP122-interacting proteins that might assist the transport of Fe, or other metals whose accumulation is enhanced under Fe-deficient conditions, have not been reported.
Blue copper (Cu) binding protein (AT5G20230) was also highly expressed with 7.026 -and 4.625-fold increases in expression with growth on 0-Fe and 300-Zn media, respectively. This protein may function to sequester Cu, a potentially toxic element that is also an essential cellular catalyst for redox reactions. 26 Elemental analysis showed that the accumulation of Cu was higher in shoots grown on 0-Fe and 300-Zn media (Table S1 ), indicating that AT5G20230 might also play a role in the sequestration of excessive Cu caused by Fe deficiency and excess Zn. This potential role was further supported by the lack of an increase in blue Cu binding protein expression in the irt1-1mutant corresponding to the levels of Cu in the irt1-1 mutant.
Conclusions
We showed that iTRAQ-OFFGEL is an efficient method to identify and quantify a large number of proteins from microsomal fractions of Arabidopsis shoots. The number of proteins identified in this study using conventional iTRAQ-CEX was less than half the 521 proteins identified in an iTRAQ-CEX analysis of roots in our previous study. 6 In contrast, we identified a 4.9-fold greater number of proteins using the iTRAQ-OFFGEL method. Moreover, many cellular compartments were targeted by our iTRAQ-OFFGEL analysis. To determine the impact of the iTRAQ-OFFGEL method on protein recovery, we also applied the method to a microsomal fraction from Arabidopsis roots. Overall, the number of proteins identified in roots was increased but it was not as large as that observed using the iTRAQ-CEX method (Y. Fukao, personal communication). The identification of a slightly smaller number of proteins in shoots may be due the abundance of chloroplast proteins in addition to storage, ribosomal, and cytoskeletal proteins. Peptides from chloroplast proteins might be preferentially detected by MS over low-abundance proteins due to ionization suppression, thereby decreasing the total number of proteins identified. We confirmed that the higher-resolution peptide separation of the iTRAQ-OFFGEL method is more effective for protein samples that include high-abundance proteins. In this study, higher expression levels of metal ion transporters such as NRAMP4, OPT3, MRP3, and other membrane proteins such as SYP122 under both Fe-deficient and excess Zn conditions could be detected using the iTRAQ-OFFGEL method. Our study provides new insight into the regulatory cross talk that occurs in response to Fe deficiency and excess Zn, although a detailed analysis is needed to fully understand the regulatory network involved in this cross talk.
Materials and Methods
Plant material and sample preparation Arabidopsis (Arabidopsis thaliana) ecotype wild type Col-0 and irt1-1 mutant seeds were germinated on sterile plates of MGRL medium containing 2.3 mM MES-KOH, pH 5.7, 1.0% (w/v) sucrose, and 1.2% agar. 27 The Col-0 and irt1-1 mutant were given different treatments i.e., normal MGRL medium (Normal), without Fe (0-Fe) and with 300 µM ZnSO 4 (300-Zn). The seedlings were grown for 10 d at 22 °C under 16h light/ 8h dark conditions. Shoots (approximately 0.2 g fresh weight) were harvested and homogenized with buffer A (50 mM HEPES-KOH, pH 7.5, 5 mM EDTA, 400 mM sucrose, and protease inhibitor cocktail). The homogenates were centrifuged at 1,000×g at 4 °C for 20 min, and the supernatants were centrifuged at 8,000×g at 4 °C for 20 min. The supernatants were centrifuged at 100,000×g at 4 °C for 60 min to prepare the microsomal fraction. The pellets were washed by buffer A twice under the same condition and then dissolved in iTRAQ buffer (AB SCIEX). The protein concentration was determined using Nano drop (Thermo Scientific) by taking the OD. Three replicates were prepared from 3 independent experiments of plants grown at different times.
Determination of metal content
Ten-day-old shoots were harvested from Col-0 and irt1-1 mutant, that were given different treatments i.e. Normal, 0-Fe and 300-Zn for Col-0 and irt1-1 on Normal. Harvested shoots were dried at 60 °C for 2 d. Dried samples weighing more than 10 mg were digested with ultrapure HNO 3 using a Microwave Digestion System (Milestone General). Elemental content in the digests was determined by ICP-MS (Agilent technology). Measurement was performed with 3 independent biological replicates.
In-solution trypsin digestion and iTRAQ labeling for iTRAQ-CEX
Each 20 µL of microsomal protein fraction (2.5 mg mL-1 ) was reduced by tris-(2-carboxyethyl) phosphine at 60 °C for 60 min and then alkalized by methyl methanethiosulfonate at room temperature for 10 min. Samples were digested using 10mL of trypsin (1 mg mL -1 ) at 37 °C for 16 h. The peptides from Col-0 grown on Normal medium, 0-Fe, 300-Zn medium and irt1-1 mutant grown on Normal medium, were labeled with iTRAQ-114, -115, -116, and -117 reagents, respectively, at room temperature for 60 min. For iTRAQ-CEX analysis, the mixed peptides were manually separated by 25, 50, 75, 100, 200, 350, and 1000 mM KCl using strong cation exchange (AB SCIEX) and then desalted on Sep-Pak C18 cartridges (Waters). The labeled peptides were concentrated by a vacuum concentrator. However, for iTRAQ labeling coupled with OFFGEL fractionation, the mixed peptide mixture was directly desalted Table 3 . iTraQ-OFFGeL analysis based identified proteins with less than 0. on Sep-Pak C18 cartridges (Waters) followed by lyophilization to concentrate the peptides and then subjected to OFFGEL fractionation.
iTRAQ-OFFGEL fractionation analysis
The trypsin digested and iTRAQ labeled peptides were mixed with the supplied OFFGEL buffer to obtain a 3.60 mL sample solution, which was then subjected to isoelectric focusing using immobilized pH gradient strips in the liquid phase. 28 The peptides were separated into 24 fractions with a 3100 OFFGEL fractionator (Agilent Technologies) using a 24 cm IPG gel, pH 3-10 (GE Healthcare) at 4500 V for 50,000 Vh at 50 µA, according to the manufacturer's instructions. The fractionated peptides were automatically purified using C-TIP (AMR); the details are described in Fukao et al. (2013) . 29 
LC-MS/MS analysis
iTRAQ analysis was performed on the LTQ Orbitrap XL-HTC-PAL-Paradigm MS4 system. The iTRAQ-labeled peptides were loaded on the column (75mm internal diameter, 15 cm; L-Column; CERI) using a Paradigm MS4 HPLC pump (Michrom Bioresources) and an HTC-PAL autosampler (CTC Analytics). Buffers were 0.1% (v/v) acetic acid and 2% (v/v) acetonitrile in water (A) and 0.1% (v/v) acetic acid and 90% (v/v) acetonitrile in water (B). A linear gradient from 5% to 45% B for 70 min was applied, and peptides eluted from the column were introduced directly into an LTQ Orbitrap XL mass spectrometer (Thermo Scientific) with a flow rate of 200 nL min -1 and a spray voltage of 2.0 kV. The range of the mass spectrometric scan was mass-to-charge ratio 450 to 1500, and the top 3 peaks were subjected to tandem mass spectrometry analysis. The obtained spectra were compared against data in The Arabidopsis Information Resource 10 (TAIR10; http:// www.arabidopsis.org/) using the MASCOT server (version 2.4; Matrix Science) via Proteome Discover software (version 1.3; Thermo Scientific). The following search parameters were used for database searching: threshold set-off at 0.05 in the ion-score cutoff; protein identification cutoff set to 2 assigned spectra per predicted protein; peptide tolerance at 10 ppm; tandem mass spectrometry tolerance at ±0.2 Da; peptide charge of 2+ or 3+; trypsin as the enzyme and allowing up to one missed cleavage; iTRAQ label and methyl methanethiosulfonate on Cys as a fixed modification; and oxidation on Met as a variable modification. iTRAQ data for 3 biological replicates were analyzed by MASCOT, and the data only with FDR of less than 1% were used for subsequent analysis. Only proteins that were identified in all 3 independent experiments were considered. Statistical analysis was conducted using the Student t test.
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